64-Slice CT angiography of the abdominal aorta and abdominal arteries: comparison of the diagnostic efficacy of iobitridol 350 mgI/ml versus iomeprol 400 mgI/ml in a prospective, randomised, double-blind multi-centre trial Abstract Purpose: The purpose of this study was to assess the influence of iodine concentration on diagnostic efficacy in multi-detector-row computed tomography (MDCT) angiography of the abdominal aorta and abdominal arteries. Methods: IRB approval and informed consent were obtained. In this double-blind trial, patients were randomised to undergo MDCT angiography of the abdominal arteries during administration of iobitridol (350 mgI/ml) or iomeprol (400 mgI/ml). Each centre applied its own technique for delivery of contrast medium, regardless of iodine concentration. Diagnostic efficacy, image quality, visualisation of the arterial wall and arterial enhancement were evaluated. A total of 153 patients received iobitridol and 154 received iomeprol. Results: The ability to reach a diagnosis was "satisfactory" to "totally satisfactory" in 152 (99.3%) and 153 (99.4%) patients respectively. Image quality was rated as being "good" to "excellent" in 94.7 and 94.8% segments respectively. Similar results were observed for image quality of arterial walls (84.3 vs. 83.2%). The mean relative changes in arterial enhancement between baseline and arterial phase images showed no statistically significant differences. Conclusion: This study demonstrated the non-inferiority of the 350 versus 400 mgI/ml iodine concentration, in terms of diagnostic efficacy, in abdominal MDCT angiography. It also confirmed the high robustness and reliability of this technique across multi-national practices.
Introduction
Multi-detector-row computed tomography (MDCT) has been established as the method of choice for the diagnosis, treatment planning and follow-up of most diseases of the abdominal arteries, including the renal [1] [2] [3] [4] and visceral arteries [5, 6] and the aorta [7] [8] [9] . In these anatomical regions, diagnostic invasive arteriography (digital subtraction angiography, DSA) has steadily been replaced over the past few years by non-invasive CT angiography and, in some cases, by non-invasive magnetic resonance (MR) angiography [10] [11] [12] .
However, the broad use of MDCT in the clinical routine, as well as the choice of contrast agent and administration technique thereof, still remains controversial. Many authors have shown that the enhancement of the abdominal arteries is directly correlated to the amount of iodine (not contrast agent) per second [5, 13] , also known as the "iodine flux". The higher the iodine flux, the higher the density will be within the region of interest. On the other hand, increasing the total amount of iodine could raise safety issues such as concern of contrast-induced nephropathy (CIN) in at-risk patients. Because a lower total amount of iodine lowers the risk of CIN [14] [15] [16] , protocols for CT angiography should always find a compromise between the required contrast enhancement and the amount of iodine injected.
Although many papers have been published about preferred methods of administering contrast medium, some questions remain unanswered. It is still unclear as to what degree of vascular opacification (in Hounsfield units, HU) is really necessary to obtain diagnostic images; in other words, does higher density, which can possibly be reached with more highly concentrated agents and higher iodine flux, really further improve diagnostic accuracy? Finally, even injection parameters still need to be standardised. Fleischmann and Hittmair [5, [17] [18] [19] have shown the advantages of using a biphasic contrast injection, calculated individually for every patient, in CT angiography of the abdominal aorta. However, these studies were performed on single-slice systems with long acquisition times. With fast imaging, using 64-slice CT systems, it seems that injection protocols could be made much easier, and the benefit of a contrast medium with higher iodine concentrations could be of great importance. In addition, optimum injection rate, optimum iodine concentration and optimum total volume of contrast medium for abdominal CT angiography still need to be determined.
In the present trial, patients were investigated during the injection of two different contrast agents with different iodine concentrations (350 vs. 400 mgI/ml). In contrast to some recently published papers [20] , where patients were examined with different iodine concentrations but constant iodine flux rates, the injection protocol in the present study was not adapted to the iodine concentration of the agent used. In addition, the various centres participating in the present trial were to use their own injection protocols. A lack of relevant differences in diagnostic efficacy, image quality and arterial contrast enhancement among the centres will emphasise how stable and easy to perform abdominal CT angiography is in clinical settings if state-ofthe-art equipment is used.
The aim of this prospective, randomised study was, therefore, to assess the influence of iodine concentration on diagnostic efficacy in CT angiography of the abdominal and visceral arteries.
Materials and methods

Study design and patient enrolment conditions
This study was a non-inferiority, randomised, double-blind, prospective, multi-centre trial in patients referred for CT angiography of the abdominal aorta and its branches. Nine European centres were involved in this trial between August 2006 and February 2008. The study protocol was approved by the local Ethics Committees and Competent Authorities.
As this study was designed to reflect the conditions of daily routine, patients were included in a consecutive manner, regardless of the indication for the examination. Patients between 18 and 85 years of age were eligible for study participation. A history of previous (open surgical or endovascular) vascular treatment in the abdomen was not an exclusion criterion. Patients with haemodynamic instability, non-compensated heart failure or hypertension (systolic blood pressure ≥180 mmHg or diastolic blood pressure ≥110 mmHg) were not included. In addition, patients with severe renal insufficiency [defined as estimated creatinine clearance (Cockroft and Gault) below 30 ml/min], treatment with diuretics or biguanides within 48 h before CT angiography, known thyrotoxicosis or a history of hypersensitivity to iodinated contrast agents were not included. Breast-feeding or pregnant women were also excluded from participation in this trial.
After providing written, informed consent, patients were randomised into two examination groups according to a randomisation list stratified on centres and balanced every four patients. Patients in the first group were to undergo the abdominal CT angiography with injection of iobitridol 350 mgI/ml (Xenetix®, Guerbet, Roissy, France); patients in the second group were to be examined by means of CT angiography with injection of iomeprol 400 mgI/ml (Iomeron®, Bracco, Italy).
CT angiography
All patients included in the present evaluation were scheduled to undergo CT angiography of the abdominal aorta and abdominal arteries. All examinations were performed on 64-slice single-source CT systems (two Siemens SOMATOM Sensation, four General Electrics LightSpeed VCT, two Philips Brillance 64), and on a dual-source Siemens SOMATOM Definition used as a single-source.
Imaging protocol
To allow direct measurement of abdominal arterial enhancement, the study examination consisted of two steps including unenhanced imaging of the abdomen followed by abdominal CT angiography during the arterial first pass. If clinically indicated, additional venous or late-phase imaging could also be performed outside the study protocol.
Study centres were advised to use their own routinely used imaging protocol for abdominal CT angiography. Only a maximum allowed volume of 150 ml was predefined by the study protocol; all additional parameters, including injection rate and volume, were to be determined by the investigators. No compensations based on the different iodine concentrations of the contrast agents being compared were performed, as the investigators were blinded to both products. Thus, iodine flux, meaning the iodine administration per unit of time, was lower in the group receiving iobitridol than in the group receiving iomeprol.
MDCT angiography was performed using automatic bolus detection software (Smart Prep®, Care Bolus®, or equivalent) to identify peak contrast enhancement and to launch the acquisition. The whole abdomino-iliac system from above the suprarenal aorta to the femoral bifurcation was to be covered in one imaging procedure.
As the study centres were asked to use their own clinically established examination protocols, the kilovoltage (kV) and milliampere seconds (mAs) values differed among centres as did the average duration of the examination.
Injection of contrast medium
To ensure contrast agent administration in double-blind conditions, allocation of patients to one of the two groups (iobitridol or iomeprol group) and the preparation of the contrast agent, pump and injection were performed by a radiographer or nurse who was not involved in the subsequent evaluation. The contrast agent used was not identified on the images to allow blinded reading.
Patient follow-up
Clinical safety monitoring started at inclusion and lasted until 1 h after the end of the examination.
Evaluation
All CT images were assessed on-site by one local investigator at each participating hospital. The investigator was blinded to the contrast material used for each patient.
Diagnostic efficacy
Diagnostic efficacy (primary endpoint) of the CT examination was defined as the level of available information for diagnosis provided by the MDCT examination. Readers rated the diagnostic efficacy of the CT angiographies using a four-point scale ranging from 0, i.e. not satisfactory ("not providing enough information = complementary examination recommended"), to 3, i.e. totally satisfactory ("providing the expected information"), with level 1 indicating not satisfactory ("not providing all the expected information = could need a complementary examination") and 2 representing satisfactory ("providing sufficient information"). The primary endpoint was calculated within both product groups by a cumulative proportion of those patients who presented with satisfactory (level 2) to totally satisfactory (level 3) images, and then the two product groups were compared.
Image quality according to vascular territories
As one of the secondary study criteria, the quality of images was evaluated in 16 pre-specified segments from the aorto-ilio-femoral axis: the suprarenal, the juxtarenal and the infrarenal aorta; the coeliac axis and its branches; the superior and inferior mesenteric artery; the right and left renal artery; the right and left common and external iliac artery; the right and left hypogastric artery; and the right and left common femoral artery.
In all of these 16 arterial segments, image quality was rated according to a four-point scale, i.e. 0 (null), 1 (poor), 2 (good) and 3 (excellent). If the segment was not delineated by the field of view (FOV), it was counted as "not applicable". In the case of a 0 rating or poor quality, the reason for insufficient quality was indicated. This endpoint was calculated within both product groups by a cumulative proportion of vascular segments that presented with good (2) and excellent (3) image quality, and then the two product groups were compared.
Quality of vascular wall visualisation
Additionally, the quality of arterial wall visualisation within the 16 segments defined above was assessed. This evaluation was focused on changes within the vascular wall, including internal deposition of thrombotic material or inflammatory reaction, if present, and used the fourpoint scale mentioned above. In the case of a 0 rating or poor quality, the reason for this insufficient quality was indicated. This criterion was calculated within both product groups by a cumulative proportion of vascular wall segments that displayed with good (2) and excellent (3) image quality, and then the two groups were compared.
Quantification of arterial enhancement
As an additional endpoint, arterial enhancement was measured in eight predefined areas, including the suprarenal and the infrarenal aorta, the right and left renal artery, the right and left common iliac artery, and the right and left common femoral artery, and compared between the two groups. For measurement purposes, regions of interest (ROIs) were defined on unenhanced as well as enhanced images in the same table position (Fig. 1 ). According to the study protocol, the circumference of the ROI should not extend beyond the internal limit of the arterial wall. For the aorta, the ROI was to be located in the middle of the vessel and for its branches in the first 2 cm (Fig. 1) . The two groups' average absolute and relative enhancements were compared.
Clinical safety
In addition to the efficacy evaluation, the safety profile of both contrast agents was investigated, and any event, starting from inclusion until the end of the follow-up period (1 h after the end of CT angiography), was collected and reported.
Statistical evaluation
Assuming that in the iobitridol group and the iomeprol group at least 90% of patients would provide CT images with a satisfactory to totally satisfactory level of diagnostic information [21, 22] , non-inferiority was defined as a difference between the two products (Δ = P iobitridol -P iomeprol ) that was statistically higher than the clinical noninferiority limit set at Δ 0 =−10% in the study (maximum negative difference allowed between iobitridol and iomeprol). The study was to be demonstrative if the 95% confidence interval of the difference excluded the Δ 0 =−10% clinical non-inferiority limit.
Before starting the trial, the sample size of the study (310 patients) was calculated so that the non-inferiority of iobitridol (350 mgI/ml) in providing the same level of diagnostic information as iomeprol (400 mgI/ml) could be statistically demonstrated with 80% power and 5% type-one error.
Confidence intervals and associated P values were computed for the estimated parameters based on the asymptotic normality of maximum likelihood estimators and using the Wald χ 2 statistics in the SAS Genmod procedure. This procedure computes a generalised linear model, particularly suitable for adjusting on covariates and modelling clustered data (assessments at segment level nested in patients in the present study). In addition, the exact confidence interval and exact P value were also computed for the primary endpoint using StatXact software (Cytel Statistical Software & Services).
Results
Baseline characteristics and examination protocol
In total, 310 patients (247 men and 63 women; mean age: 66.5 years old) referred for CT angiography of the Fig. 1a, b Principle of the measurement of arterial enhancement in the region of the suprarenal aorta, demonstrated in a patient examined with administration of 100 ml iobitridol because of infrarenal aortic aneurysm. Region of interest (ROI) is defined at the same table position in the baseline examination (a) as well as in the arterial phase images (b), as round surfaces in the lumen of the vessel, the circumference of which should not extend beyond the internal limit of the arterial wall abdominal aorta and/or the abdominal arteries were enrolled in this trial. The baseline characteristics of the study population were well balanced between groups (Table 1) .
Indications for CT included post-surgical follow-up (56.5%), pre-therapeutic assessment (36.1%) or other indications (7.4%), such as staging of lymphomas or gastric carcinomas. At the time of examination, 92 patients had various clinical symptoms, including hypertension (11.9%), limb ischaemia (10.7%), abdominal pain (9.4%) or other (5.5%). Moreover, 129 patients had a history of endovascular and/or surgical treatment of abdominal arteries (66 in the iobitridol group and 63 in the iomeprol group).
Of the 310 patients included, 154 were randomly assigned into the iobitridol group, and 156 into the iomeprol group, and only 1 patient was not injected for technical reasons.
Most of the centres (n=6) performed the CT angiographies at a fixed tube voltage of 120 kV; the others at either 100 or 120 kV. The mean mAs used was 319.0 (range 63-896 mAs). No differences could be noticed between groups for those two parameters.
As shown in Table 2 , four centres (accounting for 149 patients or 48% overall) injected the same fixed volume of contrast material at a fixed injection rate, regardless of the patient's weight or indication for the examination. The other five centres adjusted the injection protocol to the patient's condition. Between 63 and 140 ml of contrast agent were injected at a rate of 2.5-6 ml/s. On average, patients received 101.0 ml in the iobitridol group and 101.5 ml in the iomeprol group corresponding respectively to 35.4 and 40.6 g iodine, indicating that there was no additional volume injected to balance the lack of iodine in the iobitridol group.
The average duration of the examination (from time of injection to the end of CT) ranged from less than 1 min up to 14 min (mean of all centres: 1 min 22 s; standard deviation: 1 min 37 s).
Overall diagnostic efficacy
Of the 310 patients included, 3 were excluded from the efficacy analysis for technical reasons (1 in the iobitridol group and 2 in the iomeprol group).
Of the 307 patients available for further evaluation, diagnostic efficacy was rated satisfactory or totally satisfactory in 152 patients (99.3%) of the iobitridol group and in 153 patients (99.4%) of the iomeprol group. Non-inferiority was statistically demonstrated between the two products (exact Table 3 ). Non-inferiority still holds if the maximum grade (totally satisfactory) of both products is considered and compared, as the exact 95% CI (−4.8%; 3.2%) still excludes the −10% clinical non-inferiority limit (Table 3) .
The two examinations which failed to provide sufficient diagnostic information were performed in patients who had a history of endovascular and/or surgical treatment of abdominal arteries.
Image quality according to vascular territories
Of the 2,448 vascular segments assessed in the iobitridol group and 2,464 in the iomeprol group, 2,319 (94.7%) and 2,336 (94.8%) were rated as being of "good" to "excellent" image quality respectively. Differences between the two groups were statistically not significant (P=0.5769), and 95% confidence intervals were small enough to conclude the equivalence of both contrast agents (Table 4 ; Fig. 2 ).
Eighty-three segments were not assessable (out of the FOV, not applicable).
Quality of vascular wall visualisation
The quality of vascular wall visualisation was assessed in 2,448 segments in the iobitridol group and in 2,464 in the iomeprol group. It was rated good to excellent in 2,064 (84.3%) and 2,049 (83.2%) segments respectively. The differences between the two groups in this regard were statistically not significant (P=0.8316), and 95% confidence intervals were small enough to conclude the equivalence of the two contrast agents (asymptotic 95% CI [−6.33%; 7.87%]) ( Table 5 ).
Quantification of arterial enhancement
As expected, there was no difference in the mean baseline values between the two groups (40.0 HU in the iobitridol group; 40.8 HU in the iomeprol group). After contrast injection, mean arterial enhancement was 320. 4 (Table 6 ).
Safety
Three patients reported a total of five non-serious adverse events, all occurring after contrast agent injection (diarrhoea, pain, neck rash and swelling in the iobitridol group; nausea in the iomeprol group). Two adverse events (neck rash and diarrhoea) experienced by the same patient were reported after the safety follow-up time required (9 and 33 h after the injection of the contrast agent respectively). All the adverse events had a favourable outcome, and relationship to the contrast agent was assumed for three of them (nausea, rash in neck and diarrhoea).
Discussion
Although non-invasive MDCT angiography has become the method of choice for most indications involving the abdominal and visceral arteries, no general contrast injection protocol has been established to date [13] . A number of papers have evaluated the influence of different parameters for contrast administration, including iodine concentration, total volume of contrast, injection rate, and other factors [20, [23] [24] [25] , on arterial and/or parenchymal enhancement [13] , but very limited general recommendations on optimised parameters could be gleaned from these publications. The very simple and basic relation, expressed as "the higher the iodine application per unit of time, the higher the enhancement" seems to be an established general rule for MDCT angiography following most of Fig. 2 Two examples of abdominal aortic angiograms (maximum intensity projections, MIP) obtained during the administration of two contrast agents. The patient in a was examined during administration of 100 ml iobitridol 350 mgI/ml, and the patient in b received 100 ml iomeprol 400 mgI/ml. Regardless of the different total amounts of iodine, both MIPs show excellent and homogeneous arterial enhancement without visualised differences Generalised linear model: y = intercept + product + segment + product × segment (clustered within subjects) a Wald stat. P value for main effect (difference between products ≠ 0) b Wald stat. P value for interaction (difference between products changes with segments) these publications [13, 19] . However, the question of whether this higher iodine flux should be reached by using a higher iodine concentration or a higher injection flow remains unclear, despite the number of studies recently published in this field [20, 25] . A study conducted by Awai et al. [24] concluded that arterial enhancement could be improved by increasing the iodine concentration of the contrast agent. In this study, the injection rate was the same for both products (0.56 ml/s/kg). Despite the fact that the results of the latter study are concordant with the study results reported by Bae et al. [26] , it is apparently still unclear whether a higher concentration of iodine is really beneficial or not in abdominal MDCT angiography, as an additional study by Awai et al. [27] reported that faster injection (4 ml/s) of a lower-concentration agent (300 mgI/ml) led to greater enhancement compared with a slower injection (3.6 ml/s) of a higher-concentration agent (350 mgI/ml). In fact, from a clinical point of view, the question of how to reach the amount of iodine per time needed for diagnostic images is of limited interest; on the other hand, the question of how much iodine per unit of time is really needed for abdominal MDCT angiography seems to be of greater relevance. Surprisingly, very few recommendations about the minimum iodine flux and minimum total amount of iodine necessary for abdominal CT angiography of sufficient image quality and diagnostic confidence have been published to date [13] . Roos and co-authors have shown that an iodine concentration of at least 300 mgI/ml should be recommended [28] . Ho et al. have shown that the volume of contrast medium can be reduced to a mean quantity of 107 ml (300 mgI/ml) in abdominal aortic CT angiography for aortic aneurysms without a significant decrease in aortic attenuation [29] .
From a patient's point of view, reducing the amount of iodine as much as possible would help to avoid CIN in patients at risk, as the probability of CIN is mainly determined by the amount of iodine delivered to patients [14, 16] .
In the present study, two contrast agents (different with regard to their iodine concentration -iobitridol 350 mgI/ml vs. iomeprol 400 mgI/ml) were compared in a large population. The aim of this study was expressly not to test whether a higher-concentration contrast agent is better for arterial enhancement, as published previously in many other papers [20, 24, 25 ], but to demonstrate that the total amount of iodine can be reduced by more than 12% without significant disadvantages for diagnostic efficacy, image quality, or attenuation of MDCT angiography.
The present study statistically demonstrates the noninferiority of the 350 mgI/ml iodine concentration vs. 400 mgI/ml in terms of diagnostic efficacy, confirming that a lower total amount of iodine and a reduced iodine flux for abdominal CT angiography does not yield inferior diagnostic contribution results. Moreover, in a per-patient, as well as in the more detailed per-segment evaluation, no significant differences between the two groups were found with regard to image quality (vessels and vascular walls levels) and relative arterial enhancement, emphasising the equality of the contrast agents injected for abdominal MDCT angiography. The selected study protocol, in which no adaptation of injection parameters to the iodine rate led to different iodine fluxes and a broad range of iodine doses being used (from 24.5 to 56 g, i.e. more than 100%), and the very large number of examinations rated as being of good or almost excellent quality in both groups, exemplifies the limited influence of high iodine concentration and iodine flux on diagnostic efficacy and image quality of ultra-fast MDCT angiography using state-of-the-art 64-slice or dual-source systems (used as single source).
A comparison of these findings with those of previously published studies is difficult, as most of the other comparisons between two iodine concentrations have been performed with a constant iodine flux [20, 24, 25] . The results presented herein are in contradiction to the reports, for example, by Awai [24] . One reason for this difference could be the faster system used in the present study. Performance of a shorter imaging procedure, which is initiated slightly later, could lead to a lesser influence of higher iodine concentrations with regard to image quality. These findings allow two major conclusions and recommendations to be made for the future development of injection protocols in abdominal MDCT angiography. Firstly, the role played by contrast material selection seems to be limited. Secondly, regarding the distribution of total iodine volumes used by the various investigators in the present study, there seems to be a general trend towards using a larger contrast dose than necessary to obtain images of good or almost excellent quality and high diagnostic efficacy. Additionally, other parameters become more important in the case of ultrafast CT angiographies. Reducing the total amount of contrast to a minimum, optimizing timing of contrast injection and CT scanning, and adapting to the extremely short examination times are mandatory to ensure diagnostic images. Thus, the data published herein should lead us to revise the examination protocols used for abdominal MDCT angiography with the clearly defined purpose of reducing the total amount of iodine. This will help to reduce the potential for the development of CIN in patients at risk.
This study is not free of limitations. First, no correlation with a reference standard was performed. However, as the aim of the study was to assess the diagnostic efficacy, image quality and contrast enhancement, rather than the sensitivity and specificity values in the detection of a dedicated pathological condition, the lack of difference between the two groups seems to be reliable even without a reference standard. As MDCT angiography is now well-established as the method of choice for the diagnosis of most of the different arterial pathological conditions in the abdomen [4] , it would have been difficult to examine all included patients with an additional intra-arterial DSA for the purposes of our study. Another limitation is that only two different iodine concentrations were used with a limited difference in iodine concentration. It would be of great interest to know the exact concentration at which no relevant difference could be observed, in other words, to assess the minimum iodine volume the injection could be reduced to without sacrificing diagnostic efficacy and image quality. Finally, a limitation of this study could be inherent in the different injection protocols; the relevant potential confounding factors (injection rate, volume injected, iodine flux, stent presence, imaging parameters and clinical indication for CT) were well-balanced between both groups and had no statistical impact on the difference between the two products, leading us to consider that the influence of iodine concentration has been addressed.
In conclusion, the present study demonstrates the limited influence of iodine concentration in the range between 350 and 400 mgI/ml on diagnostic efficacy and image quality in abdominal MDCT angiography with 64-slice and dualsource systems (used as single source), and the lack of additional benefit with the use of highly concentrated agents for this purpose. Furthermore, we showed that more iodine than necessary is typically injected into patients. In times of ultrafast CT scanning, continuous adaptation of injection parameters to the acquisition speed seems to be necessary to avoid unneeded high amounts of contrast material on the one hand while still ensuring sufficient arterial enhancement on the other hand. The results of the present study underline the limited influence of high iodine concentration on diagnostic image quality and exemplify the still existing space for improvement in contrast injection protocols. Based on the results of the present study, the amount of contrast can be reduced by using ultrafast equipment without sacrificing image quality and/or diagnostic efficacy. Further studies would be of interest to evaluate the minimum amount of iodine needed for diagnostic abdominal MDCT angiograms. Finally, the excellent safety, robustness and reproducibility of abdominal MDCT angiography was shown in a clinical setting by the very small number of adverse events and very few examinations of limited quality. This underlines the outstanding role played by MDCT angiography in the diagnosis of diseases of the abdominal arteries.
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